INTRODUCTION
Neurofibromatosis Type 1 (NF1) is a common autosomal dominant neurogenetic disorder, occurring in approximately 1 in every 3000 births, that results from mutation(s) in a single gene located on Chromosome 17q11 (1) (2) (3) (4) . The NF1 gene encodes the neurofibromin (NF1) protein, which plays an essential role in central nervous system (CNS) development and neural differentiation via the p21 Ras GTP-ase (Ras) signaling pathway (5) . Neurofibromin is also known to play a role in adult function in the CNS, including the control of GABA-mediated inhibition (6) .
Mutation of the NF1 gene results in increased Ras signaling, which is hypothesized to lead to the characteristic abnormalities in brain morphology in NF1 patients and to increased neuronal inhibition in adults with NF1 (6) (7) (8) . Notably, brain morphology changes include macrocephaly, increased gray and white matter volume, widespread alterations in white matter integrity (9) , white matter hyperintensities, and increased volume of the corpus collosum (10) . In addition to structural brain abnormalities, increased Ras signaling is associated with specific cognitive deficits in studies of NF1 mouse models (8) . As a single gene mutation that disrupts learning and memory, NF1 presents a valuable model for understanding mechanisms underlying cognitive disability.
Individuals with NF1 exhibit visuospatial difficulties, executive function deficits (12) (13) (14) (15) , and specific learning disabilities (16) , as well as increased rates of autism spectrum disorders (ASD; 12). The extent to which documented brain structural abnormalities relate to the NF1 behavioral profile is not yet well understood. However, there is some evidence to suggest that the magnitude of
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neuroanatomic alteration is associated with the severity of cognitive impairment in NF1 patients, as reviewed by Payne et al. (10) . For instance, Moore et al. (18) found that increased volume of the corpus collosum in NF1 patients was associated with poorer visuospatial performance and academic achievement.
Although few functional magnetic resonance imaging (fMRI) studies have been conducted to date in NF1 patients, existing studies offer evidence for disrupted neural activity during visuospatial task performance (10) . Using a mental rotation task, Billingsley et al. (19) found that, relative to matched typically developing controls, children with NF1 engaged posterior brain regions, whereas controls tended to engage frontal regions. An altered pattern of hemispheric specialization has also been observed in NF1 patients relative to controls during performance on a line orientation judgment task (20) , involving significantly greater left hemisphere than right hemisphere activation across both frontal and posterior regions. More recently, Violante et al. (21) found evidence for a link between visual processing and aberrant in-task default mode network (DMN) recruitment. Specifically, they found that, relative to healthy controls, patients with NF1 (both children and adults) exhibited deficient activation of low-level visual cortex in response to visual stimuli, and that altered activation of the magnocellular pathway was associated with increased activation in midline DMN regions. Violate et al. hypothesized that the increased activation of DMN regions during task performance suggests a failure to appropriately deactivate the DMN, possibly leading to 'default mode interference' during visual processing.
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
A.F.A. Ibrahim 7 7 In addition, our research group observed differential recruitment of working memory circuitry during performance on a task of spatial working memory capacity (SCAP) in an independent sample of NF1 patients relative to healthy controls. The SCAP task requires individuals to keep locations of spatially dispersed stimuli in mind for a brief period of time and has been shown to robustly activate neural circuitry involved in spatial working memory (22) . Specifically, we found that adult NF1 patients exhibited right lateralized hypoactivation within the frontal eyefields and right parietal cortex relative to controls during task trials. In addition, NF1 patients exhibited less deactivation of default mode regions (i.e., medial prefrontal cortex) than healthy controls (8) , providing some support for the hypothesis of 'default mode interference' in NF1 suggested by Violante et al. (21) ; however, the general nature of the relationship between "task positive" and "task negative" networks is still unclear. Activation within the dorsolateral prefrontal cortex (DLPFC) predicted task performance accuracy in the NF1 patients, such that as neural activity increased within this region, performance accuracy increased, a result consistent with the hypothesis that increased neuronal inhibition may contribute to cognitive deficits in NF1 (6) (7) (8) .
To our knowledge there have been no investigations of task-based functional connectivity in the NF1 population. Here we investigated the neural underpinnings of spatial working memory deficits in NF1 by probing two complementary aspects of task-dependent blood oxygenation level dependent (BOLD) activity -magnitude changes and functional connectivity (using psychophysiological interaction analysis; PPI). We compared these measures of neural function in NF1 patients relative to
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healthy controls during performance on a parametrically varying spatial working memory capacity task (SCAP; 18). Based upon previous work (8) , we predicted that during spatial working memory task performance NF1 patients would exhibit relative hypoactivation within working memory-relevant neural circuitry (i.e. DLPFC and parietal regions). Given pre-clinical findings suggesting NF1 is associated with increased inhibitory activity within fronto-striatal networks(8), we hypothesized that NF1 patients would show reduced task-related functional connectivity within working memory-related neural circuitry compared to healthy controls. In addition, we expected reduced connectivity within DMN-related regions during task performance in healthy individuals, but greater connectivity in NF1
patients, suggesting increased default mode interference.
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METHODS AND MATERIALS Participants
A total of 48 participants were included in the current study (23 NF1 patients and 25 demographically comparable healthy controls). Participants ranged in age from 18-47 years. NF1 participants were screened and enrolled by a pediatric neurologist (T.R.), a clinician with experience caring for individuals with NF. All subjects included were participants in a clinical trial, as described in Bearden et al. (23) ; however, all testing was conducted prior to treatment randomization. Two NF1 patients included were confirmed to have asymptomatic optic gliomas at the time of testing. NF1 patient inclusion criteria were: 1) Meets NIH NF1 diagnostic criteria (24) and does not have segmental NF1. 2) No evidence of intracranial pathology such as hydrocephalus or brain tumor, other than an asymptomatic optic pathway or other NF1-related glioma; 3) Full-Scale IQ >70 (as determined by the Wechsler Abbreviated Scale of Intelligence [WASI];25); 4) No comorbid major neurological or psychiatric disorder (e.g., epilepsy, bipolar disorder, psychotic illness, major depression); 5) No MRI contraindications; female participants could not be pregnant or lactating; 6) Sufficient fluency in English. Healthy controls also had to meet inclusion criteria 2 through 6 above. recruited from the Consortium for Neuropsychiatric Phenomics, a study ongoing concurrently at UCLA (26) , and for which the neuroimaging data are now freely available at OpenfMRI (https://openfmri.org/dataset/ds000030/).
Procedure
All aspects of the research project were granted IRB approval by UCLA, prior to the collection of any data. All participants provided verbal and written informed consent before participation in any aspect of the study, after study procedures were fully explained.
Measures
Neuropsychological Measures
Cognitive functioning was assessed via a neuropsychological battery administered by supervised clinical psychology doctoral students or Master's level psychometricians. IQ data were obtained using either the Matrix Reasoning and Vocabulary subtests from the Wechsler Abbreviated Scale of Intelligence (WASI; 25) for the NF1 patients and the same measures from the Wechsler Adult Intelligence Scale, Version 4 (WAIS-IV; 27)for the healthy controls (scaled scores were used to account for differences between task versions). Matrix Reasoning was also examined as a measure of nonverbal reasoning ability.
Working memory capacity was measured behaviorally using the University of Maryland Letter-Number Sequencing (LNS) task (28) . In this task, participants are presented with sets of numbers and letters of varying length and then must
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repeat back the presented numbers in ascending order and letters in alphabetical order.
Spatial Capacity Working Memory (SCAP) Task
Participants viewed a visual array presenting 1, 3, 5, or 7 circles on the screen followed by a probe circle. The participant had to indicate whether the probe circle was presented in the same position as one of the circles in the previous array, as described in detail in Montojo et al. (29) and Glahn et al. (22) . Trial events included a two second target-array presentation, a 1.5, 3 or 4.5 second delay period, and a three second response period. Half the task trials were true-positive, and half were true-negative. Task trials were compared to the fixation during the inter-trial interval. Participants underwent a brief behavioral training session on the task prior to administration in the scanner, as described below. 
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Statistical Analyses
Analyses of neuropsychological and clinical data were performed using SPSS software v. 21 (IBM). We compared demographic characteristics between groups using independent samples t-tests for continuous variables and chi-square tests for categorical variables.
FMRI data analyses were performed using the FMRIB software library (www.fmrib.ox.ac.uk/fsl), version 5.0 (30) . Images for each participant were realigned to compensate for small head movements (31) . Subjects with average translational motion greater than 3mm were excluded (n=1). Data were spatially smoothed using a 5-mm, full-width-half-maximum Gaussian kernel. The data were filtered in the temporal domain using a nonlinear high-pass filter with a 66 second cutoff. A three-step registration process was used in which EPI images were first registered to the matched-bandwidth high-resolution scan, then to the MPRAGE structural image, and finally into standard (Montreal Neurological Institute [MNI]) space, using nonlinear transformations. Four NF1 patients were registered using linear transformations due to image distortion during registration with nonlinear transformation.
Standard model fitting was conducted for all subjects, and all task trials were included in the analysis. Higher-level analyses modeled all loads. For first-level whole brain analyses, the following events were modeled after convolution with a canonical gamma hemodynamic response function: All loads, load 1, load 3, load 5, load 7, delay 1.5 seconds (sec), delay 3 sec, and delay 4.5 sec. Events were modeled with the onset at the target presentation and duration of 6.5, 8, and 9.5 seconds to
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include the variable delay and probe periods. The six motion parameters and temporal derivatives of all regressors were included as covariates of no interest to improve statistical sensitivity. For each subject, the following contrasts were computed: All loads, load 1, load 3, load 5, load 7. The output from the subjectspecific analyses was analyzed using a mixed-effects model with FMRIB's Local Analysis of Mixed Effects (FLAME).
To first rule out potential scanner-related differences, we checked for differences in neural activity between scanners in each group. Seven healthy controls and nine NF1 patients were scanned at the UCLA Center for Cognitive Neuroscience, and 18 healthy controls and 14 NF1 patents were scanned at the UCLA Brain Mapping Center, on identically configured scanners. There were no significant differences in the proportion of NF1 patients and healthy controls scanned at each location (χ2(2,48) = 0.67, p > 0.05). There were no differences in activation between scanners (p>0.05 for all comparisons); thus, all subsequent group-level analyses were conducted with age, gender, and scanner added as covariates.
Using FSL's FLAME, group-level statistics images were thresholded with a cluster-forming threshold of z > 2.3 as well as 3.1 and a cluster probability of p < 0.05, corrected for whole-brain multiple comparisons using Gaussian random field theory. According to Eklund at al. (32, pp. 7902) , "among the parametric software packages, FSL's FLAME1 clusterwise inference stood out as having much lower FWE, often being valid (under 5%), but this comes at the expense of highly conservative voxelwise inference." These findings suggest that FSL's FLAME1 at a cluster
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threshold of 2.3 has much lower family wise error rates than other parametric software packages, almost comparable to permutation methods. Nevertheless, we still ran the analysis with a cluster z>3.1 to see if the results at the z>2.3 thresdhold were maintained.
The search region included the whole brain (139,264 voxels). Due to a technical issue during scan acquisition, behavioral data from the SCAP task were only available for a subset of NF1 patients (n=5), although behavioral data were successfully collected on all 25 healthy controls. Thus, we modeled all trials in our fMRI analyses. To confirm that any observed differences in neural activity were not due to differences in task performance, subjects with available SCAP behavioral data were included in a follow-up analysis modeling all trials vs. correct trials only (see Supplementary Results for details).
PPI Analyses
We used the generalized psychophysiological interaction (gPPI) method were extracted from the all loads zstat image.
PPI and Behavioral Measures
To assess whether functional connectivity during task performance was associated with cognitive performance outside the scanner, we assessed the relationship between seed-based connectivity and behavioral performance on two A C C E P T E D M A N U S C R I P T
RESULTS
Behavioral results
Demographic and clinical characteristics. The total sample consisted of 47 adult participants (23 NF1, 25 healthy controls). As shown in Table 2 , NF1 and control groups were matched on all demographic factors except for IQ and years of education, such that controls had significantly higher IQ and more years of education than NF1 patients. Differences between NF1 patients and healthy controls on IQ and years of education are consistent with previous findings (39, 40) .
Whole Brain Activation results
All loads. As shown in Figure 1 and Table 3 , a comparison between controls and NF1 patients across all working memory loads revealed significantly increased activation in controls relative to NF1 patients in the left DLFPC and right intraparietal sulcus (IPS) at the cluster threshold of 2.3. The left DLPFC cluster was still significant at a cluster threshold of 3.1, although the right IPS cluster was no longer significant at this threshold (see Supplementary Figure 4 and Table 3 ). There were no regions showing greater activation for NF1 patients relative to controls, at either threshold.
High versus Low loads. As shown in Figure 1c and Figure 5 and Table 3 ).
PPI results
Functional connectivity with left parietal seed region. Despite the overall reduced neural activity, we observed during task performance in all loads, NF1
patients showed greater connectivity between the left parietal seed and multiple cortical and subcortical regions (at z=2.3); specifically, left secondary visual cortex, left premotor cortex, left associative visual cortex, and cerebellum, relative to healthy controls. There were no regions for which controls showed greater left parietal connectivity than NF1 patients (see Table 4 and Figure 2a ). Percent signal change in the left parietal seed indicates activation of the region (Figure 2d ). At a cluster threshold of 3.1 there were no regions of differential connectivity with the left parietal seed.
When comparing high versus low loads (z=2.3), NF1 patients exhibited greater connectivity between the left parietal seed and left secondary visual cortex.
There were no regions in which healthy controls showed greater connectivity with the left parietal seed region than NF1 patients (see Figure 3a and Table 4 ). At z=3.1, however, neither NF1 patients or healthy controls exhibited greater connectivity Functional connectivity with right parietal seed region. Similarly, in all loads(z=2.3), NF1 patients showed greater connectivity between the right parietal seed and left associative visual cortex as well as the primary visual cortex. There were no regions in which controls showed greater right parietal connectivity than NF1 patients (see Table 4 and Figure 2b ). Percent signal change in the right parietal seed indicates activation of the region (Figure 2d ). At a cluster threshold of 3.1, neither NF1 patients or healthy controls showed significant connectivity with the right parietal seed (see Supplementary Figure 6 and Table 4 ).
In the high versus low load contrast, NF1 patients did not exhibit greater connectivity with the right parietal seed than healthy controls. Healthy controls showed greater connectivity between the right parietal seed with the right pars opercularis, bilateral parietal cortex, left premotor cortex, and the posterior cingulate (see Figure 3b and Table 4 ). At a cluster threshold of 3.1, healthy controls still showed greater connectivity between the right parietal seed and right pars opercularis relative to NF1 patients (see Supplementary Figure 7 and Table 4 ).
Functional connectivity with posterior cingulate (PCC) seed region. For all loads (z=2.3), NF1 patients showed greater connectivity between the PCC and cerebellum, right inferior temporal gyrus, right precentral gyrus, and left premotor cortex than did healthy controls. In contrast, we found that healthy controls showed greater connectivity between the PCC and left superior temporal gyrus, as well as the left fusiform gyrus, than did NF1 patients (see Table 4 and Figure 2c ). Percent signal change in the PCC seed indicates deactivation of the region; hence,
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connectivity between regions listed above indicates healthy controls are exhibiting greater simultaneous deactivation in these regions during the task compared to baseline than are NF1 patients (Figure 2d ). At a cluster threshold of 3.1, NF1 patients still showed greater connectivity between the PCC and cerebellum than healthy controls, and healthy controls still showed greater connectivity between the PCC and left superior temporal gyrus (see Supplementary Figure 8 and Table 4 ).
In the high versus low load contrast, NF1 patients exhibited greater connectivity between the PCC seed and the left secondary visual cortex and left inferior temporal gyrus. Healthy controls exhibited greater connectivity between the PCC seed and the right precentral gyrus, right and medial premotor cortex (see Figure 3c and Table 4 ). No significant connectivity differences between NF1 patients and healthy controls for the high vs. low load contrast were observed at a cluster threshold of 3.1 .
Functional Connectivity and Cognitive Abilities
Matrix Reasoning. PCC-frontal connectivity was a significant predictor of Matrix Reasoning performance in NF1 patients, but this relationship was not observed in healthy controls (see Supplementary Table 1 and Figure 4a 
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DISCUSSION
Our study both confirmed and extended previous findings regarding the neural substrates of spatial working memory in patients with NF1, a monogenic disorder associated with specific cognitive impairments. First, we found significant hypoactivation of key components of working memory circuitry, the right IPS and left DLPFC in patients with NF1 relative to healthy controls during task performance, thus supporting prior findings in independent samples (16, 20) , including our own previous work (8 Based on these findings, it is tempting to speculate that the more diffuse pattern of increased activation in high vs low memory loads in NF1 patients may reflect a less efficient pattern of neural activity. This hypothesis warrants further investigation in future studies of both working memory and other cognitive functions affected in NF1.
Secondly, our findings revealed novel information regarding functional connectivity during spatial WM task performance in NF1. The PPI analyses indicated differential patterns of connectivity between patients with NF1 and healthy controls.
Specifically, NF1 patients exhibited greater connectivity than healthy controls between bilateral parietal ('task-positive') regions and visual cortices. In addition,
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consistent with the overall pattern of findings, when comparing high vs. low memory loads NF1 patients exhibited greater connectivity (relative to healthy controls) between the left parietal and the left visual cortex. In contrast, healthy controls showed greater connectivity (compared to NF1) with the right parietal and frontal, bilateral parietal regions, and the PCC.
Notably, healthy controls exhibited greater connectivity between a 'tasknegative' region (PCC) and left temporal regions than NF1 patients. As the PCC showed deactivation during task performance, this pattern of findings indicates differentially greater simultaneous deactivation of the PCC and left temporal regions during working memory trials in controls relative to patients with NF1. In contrast, NF1 patients exhibited greater connectivity between the "task-negative" region (PCC) and regions not generally associated with the DMN or visuo-spatial WM performance (i.e. cerebellum) than healthy controls.
Previous research has implicated the PCC and lateral temporal cortex (as well as several other regions) in the DMN (41) . DMN regions are associated with self-referential thought and are generally known to be less active during demanding cognitive tasks (41) . In addition, differential activation and deactivation of the DMN has been found in multiple clinical groups (e.g. patients with Alzheimer's disease, schizophrenia, depression, and anxiety) as compared to healthy controls (36) .
Relatively less deactivation of the DMN during a cognitive task is associated with lapsed attention (41) , and evidence of decreased deactivation of the DMN has been observed in patients with Alzheimer's, epilepsy, and autism (36) . Finally, we found that task-related long-range connectivity between the PCC and frontal/parietal lobes was associated with better performance on behavioral measures of visuospatial and working memory ability (respectively) in patients with NF1, although this relationship was not observed in controls. As hypothesized, this finding suggests that appropriate deactivation of DMN implicated regions is associated with better task performance for NF1 patients. Anterior-posterior connectivity could be essential for successful visuo-spatial performance, specifically in NF1 patients. Our finding is the first to demonstrate a possible relationship between functional connectivity and cognitive ability in NF1 patients.
Implications, Limitations and Future Directions
Our findings expand current understanding of aberrant neural functioning in NF1 patients. Two major strengths of the current study were that: 1) we replicated the prior findings of Shilyansky et al. (8) of hypoactivation of working memory circuitry in an independent sample of patients with NF1; and 2) , in a novel analysis, we extended our previous findings to explore on-line working memory task related connectivity in NF1 patients, and the relationship of task-related connectivity to behavioral performance.
Understanding the specific mechanisms associated with these deficits has the potential to inform future intervention trials. Interventions targeting impairments in visuospatial learning and attention have not yielded replicable results in children with NF1 (23, 42) , despite work in animal models showing that manipulations which decrease Ras activity can rescue cognitive deficits (11) . It is important to note that our fMRI study included adults with NF1, and thus may not generalize to children with this disorder.
Several other limitations of the current study should be noted. Most obviously, the sample size was modest; however, given that the prevalence of NF1 is about 1:3000(1), larger samples are a challenge for a single site study. Finally, due to a technical malfunction behavioral data were unavailable for the majority of NF1 participants from the in-scanner working memory task. Despite this, we did find that functional connectivity was associated with behavioral performance on tasks of visuospatial reasoning and working memory in NF1 patients.
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Future studies in larger samples are warranted, both to replicate the current findings and to explore the extent to which the NF1 neural signature from the SCAP task applies to other working memory-associated tasks. Additional studies are also needed to explore the extent to which DMN interference occurs in patients with NF1
as well as the relationship between spatial WM dysfunction and the structural brain abnormalities often seen in individuals with NF1.
Concluding Remarks
In summary, our findings elucidate the link between characteristic functional brain abnormalities in NF1 and the behavioral profile while replicating previous findings. We found that there is a distinct neural signature associated with the Figure 2A & B show PPI results from the left and right parietal seeds, respectively. Figure 2C shows PPI results from the posterior cingulate seed. Figure 3A & B show PPI results from the left and right parietal seeds, respectively. Figure 3C shows PPI results from the posterior cingulate seed. 
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